Four Achillea species, A. millefolium, A. nobilis, A. eriophora and A. biebersteinii, were grown in small field plots in Iran and harvested at four developmental stages: vegetative, at the appearance of the first flower heads, at full flowering, and at late flowering. The composition of the main volatile compounds in dichloromethane extracts and the essential oil obtained by microdistillation was established by GC/MS and GC. 1,8-Cineole (27-41%) was the main compound in the oils from A. millefolium and A. biebersteinii. These two species reached the highest amount of volatile compounds at the full blooming stage. α-Thujone was the main compound in A. nobilis oil (25-64%). Fully blooming plants of this species also had a high proportion of artemisia ketone (up to 40%) in the oil. The main oil compounds of A. eriophora were camphor (about 35%) and 1,8-cineol (about 30%). This species produces only a small number of flower heads and the composition of the essential oil did not change during development.
displayed in Tables 1 and 3 . As the available amount of plant material and the used microdistillation unit did not allow exact oil quantities to be measured by hydrodistillation, a quantification of the main oil components, as extracted with dichloromethane, has been attempted. These results are presented in Tables 2, and 4.
Achillea millefolium:
As can be seen in Table 1 , the A. millefolium examined contained an oil without chamazulene. The main component of the distilled oil was 1,8-cineol, ranging from 27 to 41% with a maximum in the leaves of the fully blooming plants (stage 3). In the flowers, 1,8-cineol was in the same range (36%) and its proportion did not vary during further growth. α-Eudesmol, p-cymene, sabinene, β-pinene, cis-sabinene hydrate, α-terpineol and α-pinene were the predominant minor compounds in this species, occurring both in leaves and flower heads. In the flower heads β-bisabolene, δ-terpineol, bornyl acetate and γ-cadinene were also amongst the minor compounds. Evaluation of the volatiles in the dichloromethane extracts showed also the predominance of 1,8-cineole with the highest volatile levels in the leaves from the pre-blooming plants (stage 2) and the fully developed flowers (stage 3). Altogether, flowers accumulated more volatiles than leaves ( Table 2 ).
The content of the essential oil of A. millefolium is reported to be very variable. The highest contents (0.8-1.2% v/w) have been recorded shortly before flowering and then declining [2] . In A. millefolium, the relative chamazulene content of the flower heads decreased during development [12] , whereas camphor increased. Under Iranian climatic conditions the best harvesting time for azulene-free field grown A. millefolium, rich in sabinene was in July [13] .
Also, the composition may show great differences in accordance with the provenance of the plant material. Forty A. millefolium samples that were collected in the wild in Lithuania could be classified into four groups according to a cluster analysis evaluating the essential oil composition [14] . Another study from the same country that considered 19 A. millefolium samples defined 6 chemotypes according to the main essential oil components. In these samples, 1,8-cineol ranged from 2.3 to 21.6% [15] . From Iran, Afsharypuor et al. [16] described an essential oil of A. millefolium subsp. millefolium rich in α-bisabolol (23%), spathulenol (12%) and cis-nerolidol (6%). The main constituents of A. millefolium essential oil from the Balkans were β-pinene (33%), β-caryophyllene (17%), sabinene (11%), and chamazulene (6%) [17] . In A. millefolium subsp. millefolium from Turkey, 1,8-cineol (25%), camphor (17%) and α-terpineol (10%) were the main essential oil components [18] . Two different diploid ecotypes of A. millefolium from the Indian Himalaya had β-caryophyllene (16%), 1,8-cineol (15%) and β-pinene (11% or 14%), β-caryophyllene (13%) and borneol (12%) as major compounds in the essential oil from the flowering parts. These plants were low in proazulenes [19] .
Achillea biebersteinii:
The essential oil of A. biebersteinii displayed, like that from A. millefolium, 1,8-cineol as its main compound, ranging from 46-60% in the leaves and 26-36% in the flower heads (Table 1 ). Besides p-cymene and camphor, piperitone, ascaridol and isoascaridol were further major components of this species. The last two compounds were highest in the late flowers with 25% and 7%, respectively (stage 4). The amount of volatiles in the dichloromethane extracts ( Table 2 ) was highest in the leaves of the pre-blooming plants (stage 2) and the fully developed flowers (Stage 3). The leaves of the other stages had a comparable composition of volatiles and afforded only half as much volatiles.
According to available literature reports, the essential oil of A. biebersteinii may vary greatly with the respective origin. Plants having 1,8-cineol as their main oil compound were described from Erzurum (Turkey) with 1,8-cineol (46%), camphor (18%) and α-terpineol (8%) [20] , 1,8-cineol (38%) and camphor (24%) [9] , and 1,8-cineol (30%) and camphor (17%) as main oil compounds [21] . Other plants from the same region had piperitone (31%), camphor (13%) and 1,8-cineol (11%) as the main essential oil components in flowering parts [22] . Also, samples from the Ankara region of Turkey displayed piperitone (50%) as the main oil compound, along with 1,8-cineol (11%) and camphor (9%) [21] . These three compounds were also reported as main oil constituents in Turkish plants by Sökmen et al. [8] . All these samples from Turkey either lack or were very low in ascaridol and isoascaridol. Similarly, 1,8-cineol (8%), camphor (7%) and α-fenchene (6%) were reported as main compounds from flowering A. biebersteinii plants in Iran [23] . Besides the main compounds, camphor and 1,8-cineol, further plants from Iran displayed appreciable proportions of germacrene D and spathulenol in their oils [24] . In contrast, other A. biebertsteinii accessions from Iran had ascaridol (37%) as their main oil compound, and piperitone (17%), camphor (12%), p-cymene (8%) and piperitone oxide (6%) as further major compounds, whereas 1,8-cineol reached merely 4% [25] . Furthermore, the same species collected in Azerbeijan had camphor (34-38%) as its main oil compound, along with borneol (7-23%) and 1,8-cineol (10-22%) [26] . In these samples leaves had less 1,8-cineol but more borneol than the flowers. Achillea nobilis: In Achillea nobilis, α-thujone was the main volatile compound with 40-64 % in the leaf oil and 25 to 59% in that of the flower heads (Table 3) .
Further major compounds in this species were artemisia ketone (up to 40%), 1,8-cineol (2-14%) and the sesquiterpene cadin-4-en-7-ol (4-10%). β-Thujone was 8-10 times lower than α-thujone. The highest proportions of α-thujone were found in the plants at the vegetative (stage 1) and late flowering stages (stage 4). Artemisia ketone showed the greatest dynamic: the levels were highest in both leaves and flower heads of the fully blooming plants (stage 3), where it became the major compound. Then it nearly disappeared in the late flowering plants (stage 4). 1,8-Cineol was highest in the pre-blooming (2) and late flowering (4) stages. The amount of the selected volatile compounds in the dichloromethane extracts from the leaves ( Table 4 ) changed scarcely during ontogenesis, whereas the flowers, which were higher in volatiles than the leaves, came to a maximum content in the late flowers (stage 4).
The essential oil composition of A. nobilis varied greatly with the origin of the plants. α-Thujone (34%) and 1,8-cineol (14%) were the main oil compounds in wild growing Iranian A. nobilis plants [27] . Similar to the present study, plants from Serbia displayed αthujone as the main essential oil component (26%), followed by artemisia ketone (15%), borneol (10%) and camphor (8%) [28] . In contrast, A. nobilis samples from the western Italian Alps were particularly rich in germacrene D (46%) and virtually devoid of α-thujone and artemisia ketone [29] . However, other oil compositions have also been described in which fragranol (19%), chrysanthenone, (17%), linalool (16%) and dihydro-eudesmol (13%) were the major compounds in the essential oil from the flower heads of A. nobilis subsp. sipylea and 1,8-cineol, α-bisabolol, piperitone, chrysanthenone and linalool in subsp. neilreichii [7] .
Achillea eriophora:
The volatile fraction of Achillea eriophora, as isolated by microdistillation, contained two main compounds: camphor (33-36%) and 1,8cineol (25-30%) in comparable proportions (Table 3) . Additionally α-pinene, sabinene, camphene, β-pinene, borneol, α-terpineol and terpinen-4-ol were minor compounds, accounting for 1.5-8 % of the volatile fraction, each. During development the relative proportions of these compounds changed little. Also, the selected compounds measured in the dichloromethane extracts gave a largely stable composition during the experiment (Table 4 ).
Plants collected from south Iran (Shiraz) displayed 1,8cineol (34%) as the main essential oil component and contained very little camphor [30] . Santolina alcohol, αthujone and cis-chrysanthenol were found as minor compounds, which could not be detected in the plants from the present study. Recent reports pointed out camphor (30%) and 1,8-cineol (25%) [27] , 1,8-cineol (55%), linalool (9%) and α-terpineol (7%) [11] , and camphor (10%) and germacrene D (19%) [24] as main essential oil compounds in Iranian A. eriophora.
Comparison of the four species:
According to the composition of the essential oils, the greatest similarities were between A. millefolium and A. biebersteinii, where 1,8-cineol was the main compound. In A. eriophora, 1,8-cineol was a major compound, but in A. nobilis a minor one. Camphor, the second major compound in the oil from A. eriophora, was also present as a minor compound in the other three species. α-Thujone, which was predominant in A. nobilis, could not be found in the other species.
Flower heads usually contained more volatile oils than the leaves [15] . The fully blooming A. millefolium plants had the highest oil contents [3] . The most suitable phase for the harvest of the various accessions of the A. millefolium complex rich in active compounds was the early flowering stage [31] . This maximum essential oil accumulation in the pre-blooming stage could also be observed in other plant species, such as Santolina etrusca [32] and Satureja rechingeri [33] . In the present 
Experimental plots:
The seeds were cultivated in pots in the greenhouse at 25-30°C for seedling production. After 8 weeks, as the seedlings had developed 6 true leaves, they were transplanted to the research field at Ferdowsi University of Mashhad, Iran. The plots (1.5 × 1.5 m with 30 and 40 cm within and between the rows, respectively) were arranged according to the randomized complete block design (RCBD) with four replications.
Definition of the developmental stages and harvest: The above ground plant parts were harvested at 4 defined developmental stages: vegetative (1), appearance of the first flower heads (2), fully flowering (3) and late flowering (4). The plant material was dried in the ambient air. Plants in stages 3 and 4 were separated into leaves and flower heads for analysis.
In the case of A. eriophora, only developmental stages 1 to 3 were harvested and the plants were analysed as a whole because this species produces only a small number of flower heads on each plant.
Microdistillation:
As only small sample amounts from single plants were available the distillation was carried out using the automatic microdistillation unit MicroDistiller from Eppendorf (Hamburg, Germany), which allows the simultaneous distillation of 6 samples. About 0.2 to 0.3 g finely crushed dried plant material (leaves or flower heads) and 10 mL distilled water were filled into the sample vial. The collecting vial, which contained 1 mL water, 0.5 g NaCl and 300 µL n-hexane was connected with a capillary to the sample vial. The heating program applied to the sample vial was 15 min at 108°C and then 45 min at 112°C. The collecting vial was kept at -2°C, where the volatiles were trapped in 0.3 mL n-hexane. CH 2 Cl 2 extracts: About 0.15 to 0.25 g dried crushed plant material was extracted with 1 mL CH 2 Cl 2 containing hexadecane as internal standard (0.15 mg/mL) for 30 min in an ultrasonic bath at room temperature. The filtered extracts were directly analysed by GC/MS and GC. To construct calibration curves for the main oil compounds, 20 to 1000 µg/mL decane, 1,8cineol, α-thujone and camphor were prepared in nhexane containing hexadecane as internal standard. Each of these calibration standards were analysed by GC in triplicate. The concentrations of 1,8-cineole, αthujone and camphor were then calculated using the respective calibration curves. The other components were calculated by assuming the same response as determined for decane.
GC/MS:
To assure the identification of the volatile components of the extracts and oils, a HP 6890 GC equipped with a 5972 quadrupole mass selective detector was used. The separation was undertaken on a 30 m x 0.25 mm column coated with 0.25µm HP5-MS. The analytical conditions were: carrier gas He 1.3 mL/min in the constant flow mode; injector temperature 250°C; injection volume 1 µL; split ratio 15:1; temperature program: 2 min at 40°C, with 3°C/min up to 180°C, 10°C/min up to 280°C; transfer line to MSD 280°C; MSD 170°C. (m/z 40 to 350). A mixture of nalkanes (C 9 -C 30 ) was analyzed under the same conditions to calculate the retention indices. The compounds were identified according to their mass spectra and their retention indices [34, 35] .
GC: An Agilent Technologies 6890N GC with FID was used. Separation was achieved on a DB-5 narrow bore column 10 m x 0.10 mm with 0.17 µm film thickness. The analytical conditions were: carrier gas He initial flow 0.5 mL/min (42 cm/sec), constant pressure 42.78 psi; injector temperature 250°C, split ratio 100:1, temperature program: 1 min at 60°C, with 6°C/min up to 85°C, with 12°C/min to 180°C, then with 20°C/min to 280°C and held for 3 min at 280°C. The injector temperature was set at 250°C, the injection volume was 1 µL. The FID was operated at 260°C with an air flow of 350 mL/min and a hydrogen flow of 35 mL/min. The percentage of the oil composition was calculated from the FID response without corrections.
